Airlift pumps are devices which are widely used in industrial applications. Parameters such as diameter of the pipe, tapering angle of the upriser pipe, submergence ratio, the gas flow rate, bubble diameter, and inlet gas pressure affect the performance of this type of pumps. In this research, the performances of airlift pumps with a vertical upriser length of 914 mm and initial diameters of 6 and 8 mm and various heights for steps, range 0.2 to 0.9 m, in submergence ratio of 0.6 are investigated numerically. The results show the improvement in the performance of step airlift pump (SALP) in comparison with ordinary type (OALP). Considering the effect of height of steps and secondary pipe diameter, can be shown that in constant gas flow rate there exist specific height and secondary diameter for step which can optimize the performance of the pump. The numerical results were compared with the existing experimental data, showing a reasonable agreement. The results have indicated that step airlift pump has higher efficiency than the pump with constant pipe diameter. 
Introduction
Two phase lifting pumps are simple devices for displacing liquids and mixtures of liquids and solid particles. Its operation is based on the use of buoyancy force to pump the liquid and solid particles through a partially submerged vertical upriser pipe in the fluid which should be pumped. A gas phase is injected at the bottom of the pipe to produce an upward flow in the upriser pipe (Fig. 1 ).
Injected gas decreases the hydrostatic weight of the flow column and therefore, the gas-liquid two phase mixture would be lighter than the liquid phase and rises to the upper free surface.
This type of pumping has low efficiency, but great advantages in utilization of them over mechanical pumps are lower initial and maintenance costs, easy installation, small space requirements, simplistic design and construction, ease of flow rate regulation. These advantages accompanied by the absence of moving mechanical parts cause that the two phase lifting pump may be used for pumping of different fluids which are corrosive, abrasive or slurries, explosive, toxic, sandy or salty (Giot [8] ). These pumps are used for, pumping of viscous liquids such as hydrocarbons in oil field industry (Kato et al. [15] ), underground well drilling (Giot [8] ), under sea mining (Gibson [7] and Mero [20] ), bioreactors (Chisti [1] and Trystam and Pigache [25] ). Generally the flow in air lift pump can be modelled by two phase flow in vertical tube. Therefore, different two phase flow patterns such as bubbly, slug, churn and annular flow may be appeared in two phase flow analysis of these pumps.
White and Beardmore [26] and Zukoski [28] realized that the effects of surface tension on the dynamics of vertical slug flow are very important when the tube diameter is decreased below 20 mm. Lately, Kouremenos and Staicos [16] preformed their investigations on small diameter air lift pumps down to 12 mm diameters and low length upriser in the range of 1 to 3 m, with submergence ratios, which is defined by the ratio of immersed length to the total length of the upriser, between 0.55 and 0.7. More recently, a wide range of investigating the application of two phase pumps in moving liquids at nuclear fuel reprocessing plants has been performed (de Cachard and Delhaye [3] ). These studies have been mostly concerned with the accuracy of the air lift pump rather than the efficiency. Previous laboratory experiments (Geest et al. [6] and Guet et al. [9] ) with water and air showed that increasing the size of the injected bubbles can improve the efficiency. Most of the work that have been done on air lift pumps involves the usage of an upriser pipe with constant diameter (Darbandi et al. [11] , Hanafizadeh and Saidi [10] , and Kassab et al. [14] ) and some researches have been performed on the airlift with tapering upriser pipe (Kumar et al. [17] , and Hanafizadeh et al. [12] ). Therefore not much information is available on the effect of step geometry for upriser pipes on airlift pump performance. In this research, the performance of two phase pump with step geometry is investigated numerically for various positions of the step and different diameters. For the means of verification, the numerical results are compared with the experimental data (White [27] ). The comparison shows the numerical results are in good agreement with the experimental data.
Governing Equations
The numerical simulations presented here are based on the two-fluid, Eulerian -Eulerian model (Lehr et al. [19] , Dhotre and Joshi [4] ). The Eulerian modeling system is based on ensembleaveraged mass and momentum transport equations for each phase. In the present work, the liquid phase behaves as the continuum and the gaseous phase (bubbles) as the dispersed phase.
The continuity equation for phase q is:
where α q , v q and ρ q are the void fraction, velocity and density of phase q, respectively;ṁ pq characterizes the mass transfer from the p-th to the g-th phase;ṁ qp characterizes the mass transfer from the phase q to the phase p. It is supposed that mass transfer between two phases is zero (ṁ pq =ṁ qp = 0). The momentum conservation for multiphase flow is described by the volume averaged momentum equation as follows:
Here g is the gravitational acceleration,τ q is the phase stress-strain tensor, F q is an external body force, F lif t,q is a lift force, F vm,q is a virtual mass force, p is the pressure shared by all phases, and K pq is the interphase momentum exchange coefficient. v pq is the interphase velocity (ifṁ pq > 0,
It is assumed that interphase conversion does not occur in this case, so interphase velocity is set to be zero. The phase stress-strain tensorτ q may be related to the fluid parameters as:τ
where µ q and λ q are the shear and bulk viscosities of phase q, respectively. Lift forces mainly act on a particle due to velocity gradients in the primary phase flow field. The lift force is computed from the following equation.
The lift force will be more important for larger particles. Therefore, the inclusion of lift forces is not appropriate for closely packed particles or very small particles.
For multiphase flows, virtual mass occurs when a secondary phase accelerates relative to the primary phase and can be calculated by
where the term d q /dt denotes the phase material time derivative of the form
The virtual mass effect is significant when the secondary phase density is much smaller than the primary phase density, e. g., for a transient bubble column, however the virtual mass effect in this study is negligible.
Turbulence Model
Turbulence is taken into consideration for the continuous phase. The dispersed gas phase is modelled as laminar flow, but the influence of the dispersed phase on the turbulence of the continuous phase is taken into account with Sato's additional term (Sato and Sekoguchi [23] ). The wellknown single-phase turbulence models are usually used to model turbulence of the liquid phase in Eulerian -Eulerian multiphase simulations. As the two equations Turbulence models are compatible with two phase flows, therefore in the present case the standard k-model is used (Launder and Spalding [18] ). The governing equations for the turbulent kinetic energy k and turbulent dissipation are:
The terms C pq and C qp can be approximated as (Csanady [2] ):
Geometry and Grid Mesh Specifications
In this research, the domain of solution is selected in a manner that boundaries are conformed on cylindrical coordinate system, also, the mesh lines divide the geometry span to control volume forming the hexahedral sector. Fig. 2 shows the step airlift pump geometry with applied meshing. The airlift pump geometry consists of a vertical pipe having a length of L (upriser pipe) within a liquid reservoir. Air is injected in lower part of the vertical pipe. In this model, the reservoir has a cylindrical shape, the tested upriser pipe has 0.914 m height, 6 and 8 mm initial diameters, and different step final diameters in range of 10 to 16 mm. Air injector pipe diameter is 3.175 mm.
To make certain grid independency of the results from nodes number, four meshes (7000, 9000, 10000, 12000 and 13000 nodes) have been tested and the variations of the pressure at the axial centre line of the upriser have been compared. Fig. 3 shows that the 12000 nodes is proper nodes number and the results will have mesh independency by using this nodes number. Table 1 shows the characteristics of grid mesh that have been applied for numerical modelling. 
Numerical Solution
In this study the computational method of CFD packag which is used for discretizing the governing equations, is based on the control volume frame work which is proposed by Patankar [22] . A collocated grid is used and all variables are stored at the centre of control volume. The governing equations are solved using the SIMPLE algorithm. The details of discretization are found in Fogt and Peric [5] . The time dependent equations are solved to increase the stability of the numerical solution. For each iteration the system of two continuity and two momentum equations with the transport equations of turbulent energy and dissipation are solved. Turbulent variables and velocity near the wall of the control volume are estimated from the wall laws. Velocities of both phases are calculated from the respective momentum equations. After determination of velocity, pressure is computed from the liquid continuity equation and volume fraction is calculated from the continuity equation of the gas phase. b) pressure at the bottom of the pipe versus mesh variation.
Results and Discussion
The present study deals with various step height and inlet and outlet diameter tube size of an airlift pump. The effect of step geometry is compared with the performance of the ordinary type of airlift pumps (OALP). Also, various step positions and diameters are considered in operation of airlift pumps.
5.1.
Comparisons between present work and experimental results. For verification, which is depicted in Fig. 4 , the obtained results at a submergence ratio (which is defined by the ratio of immersed length to the total length of the upriser) of 0.4 and pipe diameter of 10 mm are compared with experimental data (White [27] ). The comparison showed the predictions were in reasonable agreement with the experimental data and can fairly predict the overall behaviour of it. The justification of difference with experimental results can be attributed to the bubble size estimation, isotherm and incompressible flow assumption, relinquishment of surface adhesion influences, and approximations employed on numerical modelling.
5.2.
Comparison between step and ordinary airlift pump. Fig. 5 shows the comparison between ordinary and step airlift pump. In this case the step is mounted at the height of 0.2 m with the inlet and outlet diameters of 6 and 12 mm, respectively. It is clearly shown that the SALP has more outlet liquid mass flow rate than the OALP in the same inlet air flow rate. So it is obvious in Fig. 5b that SALP will be more efficient than OALP.
In Fig. 6 , the flow pattern map of Taitel et al. [24] is marked with the Solid line and the flow pattern map of Hewitt-Roberts [13] is marked with the Round Dot line. It is demonstrated that the SALP is located in the slug region but the OALP is inclined to the churn region. As it is already mentioned by other researchers (Kassab et al. [14] ) the best flow regime for operating of airlift systems is slug flow, so as it is expected the efficiency of SALP is higher than OALP. Fig. 7 shows the variation of water flow rate with air flow rate for SALP with various heights of steps. The submergence ratio is 0.6 and the inlet and outlet diameters of step are 6 and 12 mm, respectively. Fig. 8 shows the variation of outlet water flow rate with injected air flow rate for various steps heights in submergence ratio of 0.6 and inlet and outlet step diameters of 8 and 12 mm, respectively. The variation of water mass flow rate with step height is illustrated in Fig. 9 in a constant submergence ratio of 0.6. Two air flow rate namely 0.5 and 0.8 LPM correspond to Figs. 9a and b, respectively. It is realized that for a particular air flow rate there exists a specific height for step which maximizes the outlet water flow rate. Comparison between Figs. 9a and 9b shows that the optimum height of step is decreased when the injected air flow rate increases. It can be described by regards to the fact that increase in air flow rate advances the transition of slug flow regime to churn flow. Increase in pipe cross sectional area can postpone the flow pattern transition and hence the slug flow can be abided in the upriser pipe. It can be concluded that setting the step in the optimum height can improve the efficiency of the pump. Fig. 10 shows the variation of water mass flow rate with step height in a submergence ratio of 0.6. In this case the inlet and outlet diameters are 8 and 12 mm which are illustrated in Figs. 10a  and 10b , respectively. The comparison between Figs. 9 and 10 shows that increase in inlet diameter increases the optimum height of step. Increase in pipe diameter at constant air flow rate postpones the transition of slug flow regime to churn. It means that this transition happens in higher height of upriser, so the optimum height of step must be increased when the initial diameter of the pipe is increased.
Comparison of different step airlift pumps (SALP).
Effect of step height on the efficiency of the pump. Moreover, in this study the influence of step height on the airlift pump performance has been investigated. The Efficiency of air lift pump is Step Height (m) Step High (m) defined by Niklin [21] as follows:
where, Q p is liquid mass flow rate, Q q is air flow rate, ρ is the liquid density, P 0 and P a are injection and atmospheric pressures, respectively.
Figs. 11 and 12 present the results of the efficiency as a function of air flow rate at various step heights in constant submergence ratio. Fig. 11 is depicted for inlet diameter of 6 mm in submergence ratio of 0.6 but Fig. 12 is depicted for 8 mm inlet diameter.
Moreover, these figures clearly reveal that the maximum efficiency occurs at a specific step height. Besides, as it shows from Figs. 11 and 12, the maximum efficiency occurs in higher step height when the diameter of the pipe is increased. So it seems that increase in pipe diameter may postpone the transition of slug flow pattern to churn flow and increase the efficiency of the pump.
Effect of outer diameter in SALP.
The liquid flow rate versus air flow rate is illustrated in Fig. 13a . Also, the efficiency of SALP is depicted in Fig. 13b . The aforementioned figures show that there is an optimum outer diameter for SALP which the efficiency of the pump is maximized. It is obvious that the larger outer diameters can destroy the slugs and therefore reduce the efficiency of the pump. Fig. 13b reveals that very large outer diameter not only improve the efficiency of airlift pump but also deteriorate the operation of the pump.
The liquid mass flow rate versus pipe outer diameter is shown in Fig. 14 . It seems that there is a specific outer diameter which can optimize the operation of the pump. This cross section can stable the slug flow regime and therefore the efficiency of the pump will be improved in this diameter.
The variation of water mass flow rate versus diameter ratio, which is defined by the ratio of outlet to inlet diameter, is demonstrated in Figs. 15a and b for inlet diameters of 6 and 8 mm, respectively. These figures show that the maximum liquid mass flow rates, moreover the diameter ratio, depends on the other parameters such as inlet diameter. Generally, the dimensionless pa- rameter of diameter ratio cannot be introduced as the only effective parameter in performance of SALP.
In Fig. 16 the operation of two SALPs with outer diameters of 8 and 10 mm is demonstrated on the flow pattern map of Hewitt and Roberts [13] and Teital et al. [24] . As it is clear the SALP with outer diameter of 10 is located in the slug flow region and consequently has a higher efficiency.
Conclusion
In this paper, the performance of airlift pump with step geometry is investigated numerically. It is seen that in SALP there is an optimum height for step position in which the efficiency of the pump can be maximized in that position. The outlet diameter of upriser pipe in step geometry is the other important parameter which can affect the performance of the pump. The best position of step is where the transition of flow regime from the slug flow to churn flow occurs in the pipe. Maximum amount of liquid is lifted if the pump operates in the slug regimes so the best efficiency for this type of pumps is always occurred in this flow regime. Increase in cross sectional area along the upriser pipe due to step geometry can increases the efficiency of the pump. The results show that the outer diameter of step also has an optimum value which can retain the flow pattern in slug regime.
